Introduction
The Fundamental Plan for Establishing a Sound Material-Cycle Society, which was formulated in 2003 based on the Basic Act on Establishing a Sound Material-Cycle Society, has been revised every 5 years, and the 4th plan approved by the Cabinet in 2018 is the latest. In the 4th version of the plan, the numerical targets for FY 2025 are set at 490 000 yen/ton for resource productivity, 18% for inletside recycling rate (input of natural resources + recycling), 47% for outlet-side recycling rate, and 13 million tons for final disposal. 1) Steel is often referred to as "Top students in recycling" and its weight-based recycling rate, for example, reaches 92.9% for steel beverage cans, far exceeding the above-mentioned target of 18%.
In this paper, we focus on the recycling of stainless steel, which is defined by ISO as steel containing more than 50% of Fe, more than 10.5% of Cr, and less than 1.2% of C. Stainless steel is utilized in various applications such as transportation equipment such as automobiles and railways, construction, civil engineering, and medical care. Stainless steel scrap is mainly divided into two types: self-generated scrap that is discharged in the production process of stainless steel and obsolete scrap that is discharged after being
Selection of Atomic Emission Lines on the Mutual Identification of Austenitic Stainless Steels with a Combination of Laser-induced Breakdown Spectroscopy (LIBS) and Partial-least-square Regression (PLSR)
Shunsuke KASHIWAKURA* and Kazuaki WAGATSUMA Institute for Materials Research, Tohoku University, 2-1-1, Katahira, Aoba-ku, Sendai, Miyagi, 980-8577 Japan.
(Received on September 5, 2019 ; accepted on November 25, 2019 ; J-STAGE Advance published date: February 5, 2020) Laser-induced breakdown spectroscopy (LIBS) is a promising method for the rapid determination of compositions of stainless steels in steel scrap. LIBS is widely known as a method for very rapid elemental analysis in open-air without any pretreatment. We applied a laboratory-build LIBS system for mutual identification of 5 types of austenitic stainless steels, SUS304, SUS310, SUS316, SUS321, and SUS347. The certified reference materials of JSM M 200 were employed for establishing supervised models, conducting partial-least-square regression (PLSR) for the determination of Cr, Ni, Mo, Ti, and Nb. Since it needed more than 10 minutes of calculation time when all the wavelength range were utilized for PLS2 regression, suitable emission lines in the determination were picked up for the reduction of calculation amount and time. When we select single emission lines having higher excitation levels to avoid an affection by self-absorption, the good determination results for Cr, Ni, Mo, and Nb could be obtained with reasonable accuracy and precision by the calculation with PLS1 regression.
KEY WORDS: LIBS; PLS regression; stainless steel.
used as a product on the market. In general, the composition of self-generated scrap is controlled and understood, and reuse inside the process is actively carried out. On the other hand, stainless steel in obsolete scrap is often mixed with various metal products. In Japan, the separation for recycling these scraps is mainly carried out by magnetic separation, but the magnetized materials in the separation process often contain both carbon steel and ferritic stainless steel. They tend to be recycled by an electric arc furnace (EAF) and consequent dissipation of Cr into recycled EAF steel. Whereas, non-magnetic materials generally include austenitic stainless steel, aluminum alloy, and copper alloy. They are called mixed metal and are often exported because further mutual separation is not economically feasible.
The export trade of metal scrap is governed by the Basel Convention. 2) In principle, metal scrap is not subject to export restrictions under the Basel Convention; however, the Basel law was amended in response to the recent spate of shipping backs caused by the illegal inclusion of small electric appliances containing harmful substances. As a result of the amendment, 36 of these items became subject to regulations.
Due to the background mentioned above, there is a probability that the conventional separation and collection of metal scrap mainly based on magnetic separation cannot cope with the future demand and supply of stainless steel scrap. This situation may facilitate element-based sorting to enable more advanced metal scrap recycling. As one of the techniques for element-based sorting, Laser-Induced Breakdown Spectroscopy (LIBS) is a promising technique. [3] [4] [5] LIBS is one of the solid-state emission spectroscopy, which simultaneously carries out ablation of an object sample and excitation/de-excitation by laser-induced-plasma generation by irradiating a pulse laser with high peak power. LIBS can perform ultrafast emission spectroscopy of millisecond order even under an open atmosphere. Because the lasers, spectrometers, and detectors that mainly comprise a LIBS setup are very robust, it is possible to operate with a high degree of freedom even in harsh environments such as space, deep sea, etc. On the other hand, the accuracy and precision of measurements by LIBS have been recognized to be not sufficient compared with conventional spark-discharge optical emission spectroscopy (SD-OES) and X-ray fluorescence spectrometry by using fundamental parameters (FP-XRF). 6) This is mainly because of the instability of generation, expansion, and decay of laser-induced plasma. These instabilities are greatly affected by the difference in the energy of each pulse of the laser, the atmosphere in the vicinity of the irradiation point, the surface condition of the samples and their matrix effect.
In recent years, partial-least-square regression (PLSR) has attracted attention as a technique to reduce the effect of sampling amount and matrix effect in LIBS measurement. From the viewpoint of performing high-speed determination of chemical composition, there are many reports based on this calculation technique for steels, 7-10) aluminum alloys, 11, 12) brass, 13, 14) foods, [15] [16] [17] concrete materials, 18) meteorites, 19) etc. Partial-least-square regression is a kind of multiple linear regression (MLR) as well as principal component regression (PCR). Sarker 8) evaluated the prediction precision capability of high alloys according to their chemical compositions by the combination of LIBS and PLSR. They found that the suitable wavelength regions should be truncated to conduct PLS2 calculations to minimize errors inside the calibration and validation sets. Following this knowledge, in this study, we have expanded and investigated the optimal selection of emission lines for the determination of chemical compositions of commercially-available products of austenitic stainless steel.
Experimental Procedure

Setup
A block diagram of the experimental apparatus is fundamentally the same as our previous study. 20) This setup consists mainly of a wavelength-doubled Nd: YAG pulsed laser (Minilite I, Continuum), a Z-θ stage, a high-proof reflective mirror, a planoconvex lens for focusing pulse lasers, an ultraviolet optical fiber, an Echelle-type spectrometer (ME5000, Andor), and an ICCD camera (DH 734 -18 T, Andor). The pulse laser has a wavelength of 532 nm, a pulse width of 3-5 ns, pulse energy of 12 mJ/p, and an oscillation frequency of 15 Hz. The pulse laser irradiated directly on the sample through reflection mirrors and a planoconvex lens (f = 100 mm). The tip of the optical fiber was fixed horizontally near the generated laser plasma, and the other end was connected to an integrated echelle-type spectrometer and an ICCD camera via an SMA connector. The core diameter of the optical fiber was 50 μm, and sufficient wavelength resolution (~0.1 nm) was secured even when the fiber was connected to the spectrometer without an entrance slit. The intensifying timing with the ICCD camera was set based on the amplification timing of the Q-switch of the pulse laser, and the delay time and the gate width were set to 10 μs, respectively. The amplification factor was set to approximately 150 times. Sufficient emission intensity was obtained even with a single shot under this amplification condition; therefore, the exposure time was set to 5 ms. The echellogram drawn by the sensor of the ICCD camera has 1 024 × 1 024 = 1 048 756 pixels, and it takes about 1 100 ms to convert the echellogram into the emission spectrum. In this spectroscopic module, the wavelength range from 200 nm to 850 nm can be acquired at one time; however, the readout was limited only to the pixels corresponding to 370-560 nm, which is the minimum necessary wavelength range. Then, the readout time was reduced to about 660 ms. To ensure a sufficient S/N ratio in the quantitative analysis, the measurement cycle was integrated 20 times. As a result, the time required to obtain every emission spectrum was about 13.2 s on the screen display of the control software (Solis 4.29, Andor). 
Materials
Certifi ed reference materials of stainless steel used in the experiments were JSM M 200 series. This contains 8 stainless CRMs, and the chemical compositions of them are shown in Table 1 . Other than these CRMs, fi ve types of stainless steels, SUS 304, SUS 310, SUS 316, SUS 321 and SUS 347, were prepared as commercial plate materials. Their chemical compositions were cross-checked by both acid solution-ICP emission spectroscopy (SPECTRO ARCOS, SPECTRO) and FP-XRF method (ZSX Primus II, Rigaku) and also shown in Table 1 . It should be noted that Ti in SUS 321 could not be determined because it could not be dissolved in acid due to poor solubility of carbides; however, the values by both measuring methods were mutually consistent. Hence, XRF measurements for titanium and ICP measurements for other elements were used as reference values for comparison with LIBS measurements.
PLSR Calculation
LIBS measurements were performed six times for each sample, and the mean and the standard deviation regarding the predicted concentrations of Cr, Ni, Mo, Ti, and Nb in the samples were calculated by PLSR with Origin Pro 2017 SR2 (OriginLab), a general-purpose scientifi c and technological calculation software. The appropriate number of PLS components was determined using cross-validation with the leave-one-out method.
The algorithm of PLSR could be found everywhere, 21) and a summary of PLS1 (univariate regression) was described below. At fi rst, matrices of explanatory variables X and objective variables y was standardized as Z-Score.
The standardized values of each row of X and y correspond obtained spectra and the concentrations of Cr, Ni, Mo, Ti, and Nb, respectively. Then the X is converted to the score matrix T, and its weight vector w, as t = Xw. The optimum t is determined so that the covariance of t and y is maximized under the restriction that the norm of w is 1. By the Lagrange multiplier method, the optimum w i could be determined as w = X i T y i /|| X i T y i ||. Then the calibration coefficient c i could be expressed by c i = t i T y i /t i T t i , and y i + 1 was renewed as y i + 1 = y i -t i c i for iteration. X is also renewed as p i = t i T X i /t i T t i , and X i + 1 = X i -t i c i . This iteration calculation, named as NIPALS 18) algorithm, should be repeated until the required PLS numbers. The optimum PLS numbers usually determined by the cross-validation method, which is already installed in the Origin Pro.
Contrary to PLS1 univariate regression, PLS2 calculation can be applied for multivariate regression. Whereas, the principle of the PLS2 regression is essentially the same as that of the PLS1 regression in which y is replaced by Y in the above outline. Figure 1 expresses characteristic emission spectra of austenitic stainless steels and Mairon SHP, a 4N-grade pure ion obtained by LIBS measurement. In this wavelength range from 370 nm to 560 nm, atomic emissions of Cr, Ni, Mo, Ti, and Nb were observed rather than ionic emissions. These spectra consist of 6 751 data points in the wavelength range of 370-560 nm. Among the emission spectra obtained, the explanatory variable X (48 rows by 6 745 columns) for con-structing a PLS model, in which 6 × 8 types = 48 spectra obtained from certified reference materials of austenitic stainless steel are arranged in the column direction. Y of the concentration values of 5 elements to be measured are arranged to correspond to the LIBS spectra to prepare the PLS model (48 rows by 5 columns). In addition, regarding the LIBS spectra obtained from SUS 304, SUS 310, SUS 316, SUS 321, and SUS 347, an explanatory variable X′ (6 745 rows by 36 columns) for the predicted concentration is prepared by the same process. Subsequently, a regression coefficient matrix C is obtained by making a PLS model for X and Y, and a series of concentration prediction values Y′ is obtained from X′ and C.
Results and Discussion
PLS2 Regression
As mentioned above, one of the advantages of PLSR is that there is no need to select the specified wavelength of atomic/ionic emission. In this viewpoint, the PLSR model built by using all the 6 751 data points as explanatory variables were shown in Fig. 2 . Ideally, in the PLS2 model, the predicted and certified concentrations would be plotted on the regression curve for y = x. In practice, however, the deviation from y = x was very large when the certified concentration was 0.1% or less. From the results in Fig. 3 , it can be denoted that the prediction by PLS2 was relatively consistent with the measured Fig. 3 stand for three times the standard deviation. This result agrees with the result of Fig. 2 , which shows good linearity of prediction by the PLS model in the range over 0.1 wt%. By contrast, Mo in SUS304, SUS310, SUS321, and SUS347 was diff erent from that of ICP standard. The diff erence in determination of Mo by PLS2 regression, drawn in black solid bars in Fig. 3 , may be derived from spectral interference due to an insuffi cient wavelength resolution of the spectrometer. The strong atomic resonance line of Mo I 386.411 nm was probably interfered with Cr I 386.368 nm. In consequence, maximizing the relationship between the overwrapped intensity of Mo I 386.411 nm and the Mo concentrations of CRMs may be occurred. It is widely known as overfi tting, resulting in a discrepancy between the concentration measured by PLSR-LIBS and by ICP or XRF.
PLS1 Regression
It is time-consuming and not realistic to comprehend all the spectral interference because there are more than 1 000 emission lines in the spectra taken in this study. Besides, it takes more than 12 minutes to conduct the PLSR using the laptop PC. Therefore, to achieve the high-speed PLSR, only the emission peak necessary for prediction was extracted for PLS1 calculations for signifi cant reduction of calculation time. The extracted peak consists of a maximum center value and ± 6 pixels, in which the FWHM is approximately 4 pixels. The extracted peaks were selected in consideration of suffi cient emission intensity and lower spectral interferences. The list of extracted emission peaks is shown in Table 2 . The assignments were quoted by Atomic Spectra Database by NIST 22) for Cr, Ni, Mo, and Ti, and we complemented the assignments of Nb from our database. 23) For Cr, resonance lines and non-resonance lines are intermingled. On the other hand, for Ni, most of the strong emission lines existing in the wavelength range of 330-360 nm are resonance lines or lower levels of around 0.4 eV. Since the infl uence of self-absorption was very strong, quantifi cation by PLSR was tried in advance, but the deviations from measured values by ICP analysis was more than 2 wt%. Since we judged this discrepancy is relatively large; therefore, they were not included to reduce the measurement time. For Mo, Ti, and Nb, the selection of emission lines was limited to those listed in Table 2 . Figures 4(a)-4(c) represents the errors obtained by PLS1 for the peak listed in Table 2 . As for the quantitative analysis of Cr, the higher the excitation level of the selected emission line, the smaller the errors were observed. Because PLSR is essentially a linear regression method, it is advantageous to use non-resonance lines, which are less aff ected by self-absorption. A similar trend was observed in the determination results of Ni and Mo. On the other hand, the errors for Ti and Nb were relatively high compared with the concentrations listed in Table 1 . At the same time, absolute values of RSDs of Ti and Nb were extremely high when the concentrations of them were less than 0.1 wt%, indicating that the setup in this study had no quantitative capability to determine below 0.1 wt%. Figure 5 expresses the relationship between the predicted concentrations by PLSR-LIBS and the absolute values of RSD, and it was found that the absolute values of RSDs drastically increased when the predicted concentrations were below 0.1 wt%. The dynamic range of LIBS measurement in this study was considered to be limited by the 16-bit A/D converter equipped with the ICCD camera. The A/D converter can only identify 65 536 gradations by 2 to the power of 16, and the amount of saturated light is limited by this 65 536 counts. Since the intensity of the background emission is approximately 600 counts for the whole wavelength region, the dynamic range in each measurement is around 2 orders of magnitude. Thus, it is expected that the dynamic range will not exceed 4 orders of magnitude from 0.1 wt% to 100% even after 20 rounds of integration. The selection of emission lines for the determination was conducted so that the sum of fi ve error values from each SUS plates minimized. As a result, Cr I 396.398 nm, Ni I 547.691 nm, Mo I 553.303 nm, Ti I 499.107 nm, and Nb I 412.381 nm were selected. 
The Eff ect of Internal Standards
Since the atomic emission in the spectra used for PLS1 regression was simplifi ed to a single peak, comparison with the simple calibration curve method (Ordinary Least Squares, OLS) is considered to be essential. The result of the comparison is shown in Fig. 6(a)-6(e) . These values show, from left to right, an OLS, a PLS model for only the explanatory variable matrix X (with 13 rows and 1 024 columns), and a PLS model using an explanatory variable matrix X (with 26 rows and 1 024 columns) in which the emission intensity of Fe I 404.581 nm is added to the target element, similar as an internal standard method. As for Cr and Ni the predicted results of PLS1 with the Fe 404.581 mm internal standard line was better than those by PLS1 or OLS regression by the minimum error sum. It is considered that the fl uctuation of the sampling amount of Cr [24] [25] [26] [27] that the concentration of Ti in SUS321 were more than 0.4 wt%, indicating the insufficient laser ablation of TiC due to the very high melting/boiling point of TiC. Other than Ti in SUS321, the determination result of Cr, Ni, Mo in SUS316, and Nb in SUS347 by LIBS-PLSR showed good agreement with those by ICP measurement was evaluated with using the recovery rate, which was described in our previous paper 4 . The range of recovery rates were 96.7-98.3% for Cr, 94.3-111% for Ni, 95.1% for Mo in SUS316, and 105% for Nb. At the same time, the RSDs were below 10% as shown in Fig. 5 .
It is practically impossible due to the specifications of the ICCD camera; however, if the number of pixels of the ICCD camera operated to measure only these emission lines, the time required to convert echellograms into LIBS spectra can be reduced to 110 ms. Therefore, similar quantitative results could be obtained with a measurement time of 2.2 seconds for 20 rounds of integration and a PLSR calculation time of a few seconds.
Conclusion
For the mutual identification of austenitic stainless steels, the rapid determination of Cr, Ni, Mo, Ti, and Nb in stainless steels was carried out by the combined use of LIBS and PLSR. In the PLSR, which utilized the broad spectrum obtained using the Echelle spectrograph, there was a discrepancy in the quantitative prediction of Mo due to overfitting, and the calculation time was enormous. In the PLSR with a single peak of Cr, Ni, and Mo, the non-resonance lines could be selected and the quantitative performance was improved by the PLSR. However, the emission intensities of Ti I 499.107 nm were low. This was due to the high degree of difficulty in ablation of TiC, thus it made the detection of Ti in SUS321 only qualitative in this study. Finally, the best results were obtained by PLS regression in the viewpoint of the accuracy and the precision with using PLSR with Cr I 396.368 nm/Fe I 404.581 nm, Ni I 547.691 nm/Fe I 404.581 nm, and Nb I 412.381 nm/Fe I 404.581 nm, and Mo I 553.303 nm with the recovery rates that ranged from 94.3% to 111% and the RSDs below 10%.
